Abstract. We examined possible involvement of nitric oxide synthase (NOS) on ganglion cell death in explant cultures of neonatal rat retina. Survival of retinal ganglion cells was significantly prolonged by a broad-spectrum NOS inhibitor N w -nitro-L-arginine methylester. NADPH diaphorase staining revealed a diffused distribution of NOS activity in neuropils of the inner plexiform layer as well as several neurons in the inner nuclear layer. Moreover, 7-nitroindazole but not aminoguanidine promoted the survival of retinal ganglion cells. These results suggest a crucial role of neuronal NOS-derived nitric oxide in retinal ganglion cell death.
Under several pathological conditions including glaucoma, retinal ischemia, and optic nerve injury, retinal ganglion cells (RGCs) undergo atrophy and death leading to severe impairment of vision. Death of RGCs induced by these pathogenic insults takes a form of apoptosis, and drugs interfering with apoptotic processes inhibit the loss of RGCs (1, 2) .
Nitric oxide (NO) is considered to play a significant role in cell fate decision under neurodegenerative conditions. In the retina, one of the principal cell populations producing NO is amacrine cells located at the inner nuclear layer, although RGCs also express NO synthase (NOS) (3) . Involvement of NO in death induction of RGCs is supported by the findings that NOS inhibitors delay the loss of RGCs following optic nerve cut or target ablation (2, 4) , and intraocular administration of NO donors causes loss of RGCs (5) . On the other hand, NO donors exert both neuroprotective and neurotoxic actions onto purely isolated RGCs (6). Nichol et al. (7) have shown that millimolar concentrations of N w -nitro-L-arginine methylester (L-NAME), a broad-spectrum NOS inhibitor, promotes the survival of RGCs maintained for 16 h in dissociated cell culture. However, they did not examine either the effect of L-NAME on longer-term survival of RGCs or the effects of drugs specific for NOS isozymes.
Dissociated and/ or purified RGCs are useful preparations for electrophysiological characterization of these neurons (8) . However, these preparations may have drawbacks for examinations of cell death, particularly because they have lost cell-to-cell interactions that are normally present in intact tissues. This issue is critical for determination of the role of NO, since retinal cells other than RGCs are considered to produce a significant amount of this diffusible molecule. We recently reported a novel method for quantifying RGC death in retinal explant cultures (9) . A gradual decrease in the number of surviving RGCs prelabeled with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) is monitored for up to 10 days in vitro (DIV). Here we investigated if NO is involved in cell death observed in this experimental model.
Reagents were obtained from Nacalai Tesque (Kyoto), unless otherwise indicated. Procedures for culture preparation have been described (9) . Briefly, 1 ml solution of 10 mg / ml DiI (Lambda Fluoreszenztechnologie, Graz, Austria) in N,N-dimethylformamide was injected at two positions within the superior colliculus in each hemisphere of two-day-old Wistar rat pups anesthetized by hypothermia. Four days after injection, animals were again anesthetized and killed by decapitation. The retina was isolated from the eyecup and the midperipheral portion of the retinal tissue was segmented into approximately 1 mm 2 square pieces. Tissue pieces were embedded onto microporous culture insert membranes (Millicell-CM; Millipore, Bedford, MA, USA) with the ganglion cell layer facing down. Culture inserts were placed in SonicSeal slide wells (Nalge Nunc International, Tokyo), and Neurobasal medium (Invitrogen Japan, Tokyo) supplemented with B-27 nutrients (2% v / v, Invitrogen) and 10 units / ml penicillin-G / 10 m g / ml streptomycin (Invitrogen) was supplied to each well in a volume of 200 m l. Slide wells were placed in a 34°C, 5% CO 2 humidified atmosphere. Culture medium was exchanged with fresh one at 24 h after tissue preparation and thereafter, every two days. We chronically applied NOS inhibitors to the cultures by using drug-containing culture medium at the beginning of cultivation as well as for medium exchange. DiI fluorescence in retinal explants was examined with a rhodamine filter set. Fluoresence images corresponding to a field of 640´480 mm 2 were captured by an ARGUS-20 image processing system (Hamamatsu Photonics, Hamamatsu). Bright and round fluorescent spots with an area of 40 -300 m m 2 were considered as viable RGCs (8) . Values of cell number were normalized by setting the number of cells in each tissue explant at 1 DIV as 100%.
For NADPH diaphorase histochemistry, explants were fixed with 0.1 M phosphate buffer containing 4% paraformaldehyde and 4% sucrose for 2 h, dipped into phosphate-buffered saline (PBS) containing 25% sucrose overnight, and frozen. Whole tissue explants or transverse tissue sections of 16-m m-thickness were incubated in 0.1 M phosphate buffer (pH 7.4) containing 1 mg/ ml b-NADPH, 0.2 mg/ ml nitroblue tetrazolium, and 0.3% Triton X-100 at 37°C for 1 h. After the reaction, tissues were mounted and coverslipped with glycerol / PBS (9:1).
Fluorescent cells corresponding to retrogradely labeled RGCs were clearly observed in retinal explants (Fig. 1A) . The number of labeled RGCs at 1 DIV within the defined area of explants cultured under control conditions was 28.1 ± 3.0 (n = 16). The number of large, round and bright spots in the explants gradually decreased during the course of experiments. We previously obtained evidence for involvement of apoptotic processes in this decrease (9) , which is reminiscent of cell death occurring in the in vivo axotomy model (1) . Possible involvement of NO in RGC loss was investigated by application of L-NAME to explant cultures during the entire period of cultivation. Whereas L-NAME at 50 mM showed no significant influence on time-dependent changes in the number of RGCs, the drug at 100 or 500 m M markedly prolonged the survival of RGCs (Fig. 1B) .
To reveal the distribution of NOS, we examined NADPH diaphorase activity (10) in retinal explants. At 1 DIV, the diaphorase reaction was prominent in the inner segments of photoreceptors. There was also diffuse staining of neuropils in the inner plexiform layer. Staining intensity in the inner plexiform layer was increased at 4 or 7 DIV, and intense staining appeared in the inner margin of the inner nuclear layer at 7 DIV ( Fig. 2A) . Horizontal views of whole mounts of 7 DIV explants revealed a scattered distribution of positive Fig. 1 . Effect of L-NAME on survival of RGCs in retinal explant cultures. A: Representative photomicrographs showing DiI fluorescence images of retinal explants at 1 and 7 DIV, which were cultured under control conditions (upper panels) or in the presence of 500 m M L-NAME. Bar = 100 mm. B: Time course of the changes in the number of RGCs in the absence and presence of L-NAME. L-NAME was applied at the indicated concentrations from the beginning of the experiments. The number of viable RGCs in each explant at defined time points was normalized by setting the number of RGCs in the same explant at 1 DIV as 100%. Data are presented as the mean ± S.E.M. n = 11 -12 for each group. ***P<0.001 vs control at corresponding time points (one-way ANOVA followed by posthoc analysis with Student-Newman-Keuls test).
cells located in the inner nuclear layer, which corresponded to amacrine cells (Fig. 2B) . We next tested the effects of inhibitors of specific NOS isoforms on the survival of RGCs. Application of 7-nitroindazole, which blocks neuronal NOS, markedly inhibited the decrease in the number of RGCs at concentrations of 50 m M or higher (Fig. 3A) . On the other hand, no significant protective effect was observed with aminoguanidine, a drug that preferentially inhibits the activity of inducible NOS. The same degree of RGC loss was observed in retinal explants cultured in the presence of 50 -500 m M aminoguanidine, as that in explants cultured under control conditions (Fig. 3B) .
In neonatal rat retina, appearance of pyknotic cells in the ganglion cell layer after target ablation is inhibited by L-NAME (2) . In this case, however, the effect of L-NAME was transient, and the number of pyknotic cells at 24 h after lesion was not significantly different from the control (2). On the other hand, NOS inhibitors were shown to prolong the survival of RGCs in the axotomy model of adult rats (4), although another study reported that L-NAME accelerated loss of RGCs (11) . An obstacle is that drugs administered into the vitreous humor might not reach the retina at sufficient concentrations, which obscures reconciliation of discrepant results. Here, examinations on retinal explants enabled us to apply NOS inhibitors at sufficient concentrations for fully blocking NOS activity and to determine unambiguously the roles of NO. Our observation that L-NAME prolonged the survival of RGCs supports the idea that NO plays a crucial role in degeneration of RGCs. The beneficial effect of L-NAME has been reported in a study examining the surviving rate of RGCs in dissociated culture for 16 h (6), but we demonstrated here that inhibition of NOS could exert a persistent effect on the survival of RGCs, lasting at least for 10 days.
NADPH diaphorase staining revealed the presence of NOS activity in the inner plexiform layer as well as in putative amacrine cells, which is consistent with a previous study (12) . Two recent reports addressing the localization of neuronal NOS in neonatal rat retina (13, 14) have shown that cell bodies of RGCs also exhibit immunoreactivity for this NOS isoform. Conceivably, NO generated from either amacrine cells or RGCs exerts profound influences on the survival of RGCs. We indeed found that 7-nitroindazole effectively promoted the survival of RGCs, which indicates that neuronal NOS is responsible for the gradual loss of RGCs in explant cultures. Stimulation of glutamate receptors by endogenous glutamate and resultant Ca 2+ influx might be involved in neuronal NOS-dependent NO production within the retina. This possibility deserves further investigations.
Administration of aminoguanidine protects rat RGCs under chronic elevation of intraocular pressure (15) . In our experiments, however, aminoguanidine did not provide a significant effect on the survival of RGCs, suggesting that inducible NOS does not play a major role in degeneration of RGCs. Consistent with this view, a study on axotomy-induced loss of RGCs in adult rats in vivo suggested a greater role of constitutive NOS than that of inducible NOS (4). The fact that NADPH diaphorase staining in inner retinal layers approximated neuronal NOS localization indicates that abundance of neuronal NOS as compared to inducible NOS is attributable to the differential involvement of these NOS isoforms, although we do not exclude the possibility that NO derived from different sources exerts different actions. Altogether, retinal explant cultures may serve as a useful platform for assessing the mechanisms of degeneration of RGCs involving NO generation.
